As a novel application of silicon-based integrated optics, results from a proposed compact Mach -Zehnder interferometer are presented. The deposition of a ZnO thin-film transducer upon the reference arm of the interferometer transforms this optically passive device into a device with active sinusoidal phase modulation. © 1997 Optical Society of America Three main physical effects are used for generation of phase modulation in thin-f ilm optical waveguides: electro-optic, thermo-optic, and acoustooptic.
Three main physical effects are used for generation of phase modulation in thin-f ilm optical waveguides: electro-optic, thermo-optic, and acoustooptic. 1 Phase modulators consist of a dielectric waveguide and an appropriate electrode structure. The structure of these devices can be classif ied into one of two generic categories: (i) the substrate upon which the optical waveguide is constructed is a piezoelectric material or (ii) the substrate is a nonpiezoelectric material. 2 The electro-optic effect, which permits operation of devices in category (i), offers efficient modulation to a 10-GHz frequency range but is restricted to piezoelectric substrates such as LiNbO 3 , LiTaO 3 , and GaAs, which have large Pockels coeff icients. Since microelectromechanical systems must be constructed upon silicon-based substrates, fabrication of modulators upon nonpiezoelectric substrates is attractive. 3 Thermo-optic and acousto-optic effects in principle permit operation in category (i). The thermo-optic effect is limited to the kilohertz range, however. The acousto-optic effect with surface acoustic waves (SAW's) as proposed here can be used for modulators in the megahertz range. To obtain a device with active phase modulation, we generated a SAW by means of a thin-f ilm piezoelectric transducer deposited near the silicon-based optical waveguide. The resulting acousto-optic interaction mechanism is based on the change in the index of refraction caused by mechanical strain that is introduced by the passage of an acoustic wave. 4, 5 An optical spectrum analyzer using this modulation technique, working to a 1-GHz frequency range, was reported in Ref. 3 .
The proposed Mach-Zehnder interferometer architecture shown in Fig. 1 (Ref. 6) consists of combined measuring and reference arms composed of two symmetrical Y junctions integrated upon a silicon substrate. Phase modulation is obtained when the guided reference beam is passed through a SAW generated on a ZnO thin-f ilm transducer driven by an interdigital electrode structure. ZnO has a low dielectric constant and a high electromechanical coupling factor, making it an interesting material for SAW devices. To avoid perturbations of the measuring arm of the interferometer, one must confine acoustic waves to the region of the reference arm by means of an isolation trench. The deposition rate was 30 nm͞min. By means of reactive ion etching in a CHF 3 plasma, a 4-mm-wide rib was etched upon the top SiO 2 layer. This overlayer structure laterally confined the optical field. The obtained etch rate was 30 nm͞min. We calculated the field distribution in the output cross section for a Mach-Zehnder interferometer with a total length of 24 mm and a gap of 400 mm between the measuring and the reference arms with the three-dimensional beam-propagation method, as shown in Fig. 3 . The result conf irms the excellent conf inement of the optical field for the above-described structure and permits visualization of the lateral size of the guided mode. The deposition condition for generation of SAW's was obtained when the c axis of the ZnO layer was perpendicular to the substrate, with a spread of 0-5 ± . We fabricated a 2.5-mm-thick ZnO film by rf diode sputtering in an 80% argon-20% oxygen atmosphere. At a temperature of 250 ± C the film-deposition rate was 16 nm͞min. To fabricate the interdigital electrode we deposited a thin f ilm of Al upon the top surface of the ZnO layer by vacuum evaporation. The metal layer was subsequently wet etched for patterning of the structure of the transducer electrode. The distance between the transducer and the waveguide was 0.3 mm. To pattern the isolation trench, we used deep reactive ion etching. Figure 4a represents a scanning electron microscope photograph of one of the Y junctions just after the patterning of the SiO 2 rib, and Fig. 4b shows the structure of the transducer electrode.
For an N -period interdigital transducer the frequency variation of the acoustic amplitude can be approximated for frequencies near v 0 by the function sin x͞x, where x N p͑v 2 v 0 ͒͞v 0 . A useful criterion for transducer performance is the transducer quality factor, def ined as
where v 0 is the center-of-band frequency, C s is the elementary finger capacitance, k 2 is the electromechanical coupling coefficient, R A is the radiation impedance, and Dn is the change in acoustic velocity caused by introduction of a short-circuiting plane into the plane of the interdigital electrode.
Under the condition of the matching network defined by Smith et al. 7 the electronic bandwidth of the system is determined by the product Dn͞n and the number N of finger pairs. Q is then proportional to 1͞N when the optimum value of N is used. Our transducer has an interdigital period of 60 mm (this corresponds to a frequency of f 0 48 MHz) with a finger width of 15 mm and an electrode aperture width of L 5.8 mm. When R A 75 V and C s 0.14 pF, the transducer with N 15 is found to have the optimum fractional bandwidth of 0.08, which corresponds to a 3-dB conversion loss ͑1͞N 0.067͒. We evaluated the bandwidth characteristics of the transducer by measuring the conversion loss of a delay line composed of two identical interdigital electrodes placed one after the other, with a spacing between the input and output transducers of 7 mm, giving a delay of approximately 2.2 ms. This delay line was connected to a source generator with an impedance of 50 V. Figure 5 shows a comparison of calculated and measured conversion losses for this delay line, plotted as a function of frequency, for a 2.5-mm ZnO f ilm. The conversion loss is def ined as CL 10 log͑P S ͞P IN ͒, where P S is maximum power available from the generator source and P IN is the power absorbed inside the delay line. In practice the measuring procedure consisted of detecting power variations between two transducers. As one can see there is good agreement of the measurement with the theoretical response.
To evaluate the optical performance, we coupled a diode laser beam operating at 660 nm into the waveguide via a microscope objective lens. The stripload waveguide loss as measured by a cutback technique was 3 dB͞cm. In this wavelength range the optical loss was lower than at the 890-nm wavelength as a result of lower absorption of the evanescent f ield on the silicon substrate. The maximum spot size of the guided mode, estimated to be ϳ6.5 mm (Fig. 3) , was much smaller than the SAW wavelength of 60 mm. In this condition there was no diffraction, and the guided optical wave was only sinusoidally phase modulated. This phase-modulation experiment involved detecting the spectrum of the interference signal with a spectral analyzer, as shown in Fig. 6 . The spectrum was obtained at a SAW drive power of P a 7 mW (P a is the acoustic power over interaction width L). As expected, there is a component that is due to the SAW frequency f 0 48 MHz (f irst harmonic). The second and third harmonics also appear at frequencies spaced by f 0 . 9 It was possible to estimate the phase shift from the detected ratio of the f irst to the third harmonics. The amplitude of the third harmonic was ϳ20 log͓J 1 ͑dw͒͞J 3 ͑dw͔͒ 31 dB below the first harmonic, where J 1 and J 3 are the Bessel functions. We have J 1 ͑dw͒͞J 3 ͑dw͒ 36.15, and the phase shift was determined to be dw 0.8 rad.
In conclusion, we have developed a silicon-based microinterferometer with significant SAW phase modulation by deposition of a ZnO thin-f ilm transducer upon the reference arm. The key reason for choosing a silicon-based multilayer waveguide is that this structure provides f lexible tools for designing the best optical architecture needed for increased efficiency of acousto-optic interactions, which is also interesting in view of the compatibility of the device with microelectromechanical system technology. Improving the performance of the integrated device will require many improvements in both the optical and the acoustic fields. A future biosensor application of the device will be the measurement of the concentration of f luorescent substances in the air. In such a measurement the measuring arm of a Mach-Zehnder interferometer will be covered with a polymer layer that is sensitive to the gaseous compounds to be measured, which will modify the effective index of refraction of the structure. Measurement of effective refractive-index changes as small as 10 24 is expected.
